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INTRODUCTION
Phosphorylation is one of the most widespread protein modifications (Lemeer and Heck, 2009 ) and plays a major role in signal transduction by altering protein activities, protein interactions, or subcellular location (Pawson and Scott, 1997; Seet et al., 2006) . Phosphorylation is a reversible modification catalyzed by kinases, which transfer a phosphoryl group from ATP particularly to the hydroxyl group of specific serine, threonine, or tyrosine residues within their target proteins (Champion et al., 2004) . However, basic residues arginine (in particular in bacteria; Elsholz et al., 2012) and histidine (in particular for histones and two-component signaling) also can be phosphorylated, but mostly due to technical challenges these are often not considered or identified (Cie sla et al., 2011) . Phosphatases are responsible for removing phosphorylated residues from the modified proteins. Plant genomes encode about twice as many kinases compared with mammalian genomes (Zulawski et al., 2013) . In the genome of the model plant species Arabidopsis thaliana, 1052 protein kinases and 162 phosphatases are found , indicating the important role of protein phosphorylation in regulating cellular processes in the life cycle of plants.
In the past decade, more than 20 medium-to large-scale mass spectrometry-based phospho-proteome (p-proteome) studies in plants have resulted in the identification of many phosphoproteins (p-proteins) and their phosphorylation sites (p-sites) (reviewed in Nakagami et al., 2012) . In these studies, different external stimuli and conditions were used to investigate the p-proteome of whole organs (e.g., root or shoot), cell cultures, or specific subcellular fractions (e.g., plasma membranes) (Benschop et al., 2007; Nühse et al., 2007; Carroll et al., 2008; Sugiyama et al., 2008; Whiteman et al., 2008; Jones et al., 2009; Li et al., 2009; Reiland et al., 2009; Umezawa et al., 2009; Chen et al., 2010; Kline et al., 2010; Nakagami et al., 2010; Reiland et al., 2011; Engelsberger and Schulze, 2012; Lan et al., 2012; Mayank et al., 2012; Umezawa et al., 2013; P. Wang et al., 2013; X. Wang et al., 2013; Wu et al., 2013; Yang et al., 2013; Zhang et al., 2013) . A majority of the data is hosted in public databases such as PhosPhAt or P3DB (Yao et al., 2012) and accessible through the joint portal of MASCP Gator (Joshi et al., 2011) . Several plant p-proteomics studies also included prediction of p-site motifs, based on experimental data using the predictor motif-x (Chou and Schwartz, 2011) , that are potentially recognized by kinases and phosphatases (Sugiyama et al., 2008; Reiland et al., 2009; Liu et al., 2011; Melo-Braga et al., 2012; X. Wang et al., 2013; Zeng et al., 2014) . Experimental and predicted protein p-sites from PhosPhAt have been used to assess conservation of p-sites in single-nucleotide polymorphisms (Riaño-Pachón et al., 2010) or phosphorylation hot spots (Christian et al., 2012) . In other (nonplant) organisms, large-scale p-proteomics data sets have been successfully used to analyze kinase-specific phosphorylation (Linding et al., 2008; Xue et al., 2008; Newman et al., 2013) , and in combination with protein-protein interaction data (Yachie et al., 2011; Song et al., 2012) , this information has served to identify the evolution of protein regulation through protein phosphorylation (Boekhorst et al., 2008; Beltrao et al., 2009; Gnad et al., 2010; Pearlman et al., 2011) . On a smaller scale, a cross-species comparison were performed between rice (Oryza sativa) and Arabidopsis (Nakagami et al., 2010) , allowing for a discussion of the role of conserved protein p-sites.
The distribution of predicted Arabidopsis kinases across organs, cell types, and subcellular locations is poorly understood. However, it is very likely that specific kinases and/or kinase families show differential subcellular distribution and activity. For instance, even if chloroplasts contain some 3000 predicted proteins, until recently, only four protein kinases have been conclusively demonstrated to localize to plastids (STN7, STN8, CSK, and PKT) (reviewed in Schliebner et al., 2008; Bayer et al., 2012; Schönberg and Baginsky, 2012) . However, recently, a set of 17 atypical ABC1 kinases was discovered that appears to localize exclusively to mitochondria and chloroplasts (Lundquist et al., 2012) . Substrates of these ABC1 kinases may have specific phosphorylation motifs (p-motifs), which should then be present only in plastid and mitochondria and identification of chloroplast or mitochondrial-enriched p-motifs could help determine kinase-substrate relationships.
Now that a significant number of Arabidopsis p-proteomics data sets are publicly available, it is possible to systematically assemble and integrate these with meta-information on experimental conditions and workflows. Such meta-analysis of Arabidopsis p-proteomics data will allow curation for p-proteome and p-site quality, and the ability to obtain novel information on p-site motifs and distributions across subcellular compartments and functions. Here, we assembled the most comprehensive set of Arabidopsis p-proteins and their assigned p-sites, including metadata with information on plant and sample treatments, p-peptide enrichment, and proteomics workflow from 27 published articles and additional unpublished data. We explored the assembled data set for possible biases such as observations of pY-sites, multiphosphorylated peptides, and phosphopeptides of proteins involved in photosynthesis. After filtering for consistency and quality, we then determined (1) the distribution of p-proteins across functions and subcellular locations and (2) pmotifs for different subcellular locations using two different motif finders. We compare p-motifs with published motifs for Arabidopsis and other plants species, such as poplar (Populus trichocarpa; Liu et al., 2011) , citrus fruit (Citrus sinensus; Zeng et al., 2014) , and grape (Vitis vinifera; Melo-Braga et al., 2012) . All p-protein and p-site information used here is available through the PhosPhAt database (http://phosphat.mpimp-golm. mpg.de/), and p-protein sets with their annotations are available through the Plant Proteome Database (PPDB; athttp://ppdb.tc. cornell.edu/).
RESULTS

Assembly of the Arabidopsis p-Proteome
To assemble the current p-proteome and their p-sites, we collected the 27 most significant Arabidopsis p-proteomics data sets published in the literature (until February 2013) , supplemented by in-house unpublished data sets. These data are available through the PhosPhAt database Durek et al., 2010) . Metadata were extracted from the articles, including plant growth and treatment conditions, sample preparation and enrichment information, and mass spectrometry (MS) acquisition with search methods and cutoff filters. Table 1 provides a summary of the data sets, their metadata, as well as a numerical overview of p-peptides and p-proteins imported into PhosPhAt; more details are provided in Supplemental Data Set 1.
The assembly consists of 60,366 p-peptides including their charge state and calculated number of phosphates (from the parent ion mass) with associated data that were matched (in the respective articles) to 8141 nonredundant proteins and genes (Supplemental Data Sets 2 and 3). These proteins were here annotated for name, function using MapMan (Thimm et al., 2004) , and subcellular localization using information from PPDB supplemented with localization information from SUBA3 (http://suba. plantenergy.uwa.edu.au/) (Supplemental Data Sets 1 and 2).
Of the 27 data sets analyzed, four studies used a quadrupole time-of-flight mass spectrometer (MicroMass/Waters), eight used a linear triple quadrupole (LTQ) mass spectrometer, one used an Orbitrap-Fourier transform ion cyclotron resonance (FTICR) mass spectrometer, and the other studies and internal data sets were acquired on a LTQ-Orbitrap (Supplemental Data Set 1). The LTQ has the lowest mass accuracy and the FTICR the highest. About half of the studies used TiO 2 for p-peptide enrichment and the rest employed various types of IMAC enrichment (mostly Fe). Most studies used the search engine Mascot, whereas the LTQ users mostly employed Sequest. The different studies also varied in their application of significance thresholds, using maximum P values of 0.05 or 0.01 (Mascot) or Xcorr>2 or 2.5 (Sequest) and various ion score cutoffs (no cutoff, >30 to 50 ppm) and some used a specific cutoff for posttranslational modifications (PTMs). The precursor ion threshold depended on the instrument (3 to 30 ppm for LTQ-Orbitrap, 300 ppm for LTQ, and 30 ppm for quadrupole time-of-flight). Eleven of the studies used cell cultures, and the rest used soil-, plate-, or hydroponically grown tissue, including young seedlings and leaves/rosettes (13x), roots (1x), pollen (1x), or seeds (2x) ( Table 1) . Thus, cell cultures and photosynthetic leaf material are overrepresented in the metadata set, while undersampling roots, seeds, and the inflorescence. Various types of stress treatments were employed, in particular nutrient stress (nitrogen, sugars, and phosphate), but also hormone treatments (e.g., ethylene and abscisic acid) and the biotic stressor flg22. The different studies showed a range of subcellular sample type enrichment, such as plasma membranes, nuclei, mitochondria, or simply total membranes or total soluble proteomes, whereas others used total cellular extracts. Finally, the data sets also greatly differed in the number of identified p-proteins and p-peptides. Thus, the metadata set covers many types of biological and technical variables, likely also differing in the false-positive rate of p-peptide identification and p-site assignment.
Quality Control of the p-Proteome Data Sets
Given the wide variation in methodologies between the various studies, we employed several filters to remove possible falsepositive p-peptides and/or p-proteins. We generated two data sets by filtering at two levels of stringency (Figure 1 ). The starting point for our meta-analysis is the set of 60,366 p-peptides with their charge state and calculated number of phosphates from their parent ion masses (# Pi), other experimental information, and their protein match. To identify p-motifs, we extracted the peptide sequences surrounding each phosphorylated residue (pS, pT, or pY) with this p-residue in the central position. We chose to select seven residues directly upstream and seven residues directly downstream for each p-site, resulting in 15-mer sequences. We refer to these as phospho-15-mers, abbreviated as p-15-mers. The set of 60,366 p-peptides represented 8141 proteins and 17,124 different p-15-mers ( Figure 1 ). For all internal data sets and data sets from the published papers, all matched tandem MS (MS/MS) observations for p-peptides that were reported are included in the metadata set. Except for just three articles (Wolschin and Weckwerth, 2005; de la Fuente van Bentem et al., 2006; Wang et al., 2009) , each with low peptide numbers, we found redundant peptides within the extracted data sets from the papers. To reduce likely falsepositive observations, we removed proteins observed by just a single p-peptide (MS/MS spectrum). Additionally, we removed p-proteins that were only observed by p-peptides without an assigned p-site since such p-peptides have a higher falsepositive rate and are also not informative for finding p-motifs. This first filter removed 4185 p-proteins (Figure 1) .
Most p-peptides were predicted to be singly (86%) or doubly (11%) phosphorylated; however, an additional 1095 p-peptides were suggested to have 3 to 10 phosphates (2.5%) or there was no information as to how many phosphates the peptide contained (0.4%) (Figure 2A ). The lack of information on the number of phosphates makes the identification of such peptide less certain, since the theoretical mass is then unknown. For various experimental reasons (tight affinity to metal affinity columns, increased ion suppression, and poor MS/MS fragmentation; for discussion, see Engholm-Keller and Larsen, 2013) , p-peptides with three or more phosphates are less likely to be identified and/or p-sites within such multiphosphorylated peptides are less likely to be accurately assigned. For these reasons, we assumed that p-peptides with three or more phosphates are less likely to result in reliable information. However, it was reported that pY-containing peptides are 1 Phosho 15-mers (p-15-mers) are peptide sequences surrounding the phosphorylated residue (pS, pT, or pY), with this p-residue in the central position (#8); p-15mers can only be obtained if the p-site is assigned. 2 p-peptides refer to reported phosphopeptides extracted from the 27 publications or internal data. In filter 1, one reported p-peptide indicates that for that peptide sequence there was only a single observation, irrespective of charge state, number of phosphates, or other PTMs. For a few publications, only nonredundant p-peptides could be extracted (e.g., only the peptide and matched MS/MS spectra with the highest ion score were reported), whereas for most other publications, and all internal data, all (redundant) peptides could be extracted. Thus, in the former case, even if there were multiple observations for a p-peptide, only one is listed. We treated all p-peptides the same, even if false-positive rates are likely to be different. 3 For some peptides, no information was available about the number of phosphorylations (predicted from the mass shift and/or observed p-sites) within the peptide. 4 Name and function obtained from updated PPDB; functions are based on updated MapMan bin assignments. 5 Subcellular localization from PPDB. If no subcellular localization was available in PPDB, then we used the consensus prediction from SUBA3. However, all plastid assignments are only based on PPDB.
frequently (75%) multiphosphorylated (Sugiyama et al., 2008) , perhaps explaining why tyrosine phosphorylation is often only observed with very low frequency. To explore this important point, we determined the relationship between p-site and number of phosphorylations per peptide ( Figure 2B ). In the unfiltered metadata set, 35 and 9.5% of all observed pY-containing p-peptides had two or three phosphates, respectively, whereas 25 and 5.4% pT-containing p-peptides had two or three phosphates, respectively. This was 14 and 2.4% for pS-containing peptides ( Figure 2B ). Thus, indeed, pY was found more frequently in multiphosphorylated peptides, but not to the extent reported (Sugiyama et al., 2008) . Because p-sites observed in triply phosphorylated peptides should also be identified in singly or doubly phosphorylated peptides, and given the lower MS/MS quality of highly phosphorylated peptides, we removed p-peptides with three or more calculated p-sites or an unknown number of p-sites (filter 2). After removing these 1095 p-peptides, 4494 p-proteins with 55,086 p-peptides remained (Supplemental Data Sets 2 and 3), representing 10,683 nonredundant p-15-mers (Supplemental Data Set 4). We name this set A. The metadata set includes substantial redundancy because most experiments were performed with two or more technical or biological replicates. Furthermore, abundant p-proteins are likely to be identified in multiple independent studies. Based on this expected independent discovery, we removed all 4698 peptide sequences (irrespective of charge state, number of phosphorylations, assigned p-sites, and other PTMs) that were only identified once (filter 3), leading to a removal of 741 proteins. Following filters 1 to 3, 12 p-proteins now did not have any p-peptide with assigned p-site left and were therefore also removed (filter 4). The final high confidence set (assigned set B) consisted of 3687 p-proteins identified by 36,148 p-peptides with assigned p-sites (Supplemental Data Sets 2 and 3) and representing 7516 p-15mers (Supplemental Data Set 4).
To illustrate the filters and to demonstrate how multiple independent p-proteomics studies in this meta-proteome analysis can complement each other to identify high frequency p-sites, we selected four p-protein examples (Figures 3 and 4) . Details are provided in the legend of Figures 3 and 4 . These examples provide insight into the different scenarios encountered when carrying out p-proteomics studies; we believe this will raise awareness as to how to evaluate/appreciate p-proteome information, in particular for the nonexpert reader. The different examples also show how p-sites in triply phosphorylated peptides are sometimes, but not always, supported by singly or doubly phosphorylated peptides.
Data sets A and B were explored with the objective to provide in-depth insight in (1) distribution of p-proteins across cellular functions (based on MapMan), as well as kinase and phosphatase families, (2) distribution of p-proteins across the organelles (plastids, mitochondria, and peroxisomes) and other subcellular compartments, and (3) significant p-motifs within the different subcellular compartments and their respective kinases.
Distribution of p-Proteins across Cellular Functions
Using the MapMan bin system, including updated annotation in PPDB, we determined the distribution of p-proteins across the 34 functions (bins) for data sets A and B. Data sets A and B have essentially the same distribution, showing that the filtering did not bias for protein function ( Figure 5A ). Proteins with unassigned function represented the largest fraction (32%), followed by protein synthesis and degradation (16%) and RNA metabolism (12%) ( Figure 5A ). Weighting the distribution to bin size for the whole Arabidopsis genome ( Figure 5B ) showed overrepresentation of proteins involved in signaling (bin 30), cellular organization (bin 31), glycolysis (bin 4), development (bin 33), unknown functions (bin 35), and RNA metabolism (bin 27). Underrepresented were proteins involved in mitochondrial electron transport (bin 9), redox (bin 21), metabolism of cofactor/ vitamins (bin 18), tetrapyrroles (bin 19), and amino acids (bin 13) ( Figure 5B ; note: minimal bin size was 50). (A) Analysis of all 60,366 p-peptides (Supplemental Table 2 ) for the number of phosphorylations, showing that most p-peptides are singly (86%) phosphorylated, followed by double (11%) and (1.7%) triple phosphorylation (Pi).
(B) Distribution of peptides with assigned pS, pY, or pT or without any assigned p-site (S) across peptides that are singly, doubly, triply, or quadruply phosphorylated (as calculated from the parent ion mass). This shows that pS-, pT-, and pY-containing peptides are predominantly singly phosphorylated but also that pY is relatively enriched in multiphosphorylated peptides, compared with pT and pS. The nonredundant peptide sequences with the P-sites in bold and underlined and the number of observations for each P-site is indicated above the respective sequences. P-sites that are not part of sets A and B are marked by a gray circle. P-sites only observed in photosynthetic tissue or nonphotosynthetic samples (mostly cell cultures) are marked in green and red, respectively (see also inserted table). #Pi refers to the total number of phosphates in a peptide predicted from the parent ion mass. (A) Nuclear splicing factor Prp18 (At1G03140) was identified by a total of seven p-peptides covering five different, but partially overlapping, peptide sequences. This example illustrates the filters applied to the metadata. Two p-peptides did not qualify for set A or set B because both had more than two predicted phosphates. Three other peptides only qualified for set A but not set B because their peptide sequences were only observed once. Prp18 was identified five times in photosynthetic samples (seedlings and rosettes) in two published studies (Reiland et al., 2011; X. Wang et al., 2013) and one internal data set, and two times in nonphotosynthetic samples (cell cultures) in two studies (Sugiyama et al., 2008; Nakagami et al., 2010) . One pS site [L(pS)G], observed in both photosynthetic and nonphotosynthetic samples, was identified five times in three different, but overlapping, peptide sequences, resulting from one or two missed tryptic cleavages in singly, doubly, and triply phosphorylated peptides. Two other pS sites [E(pS)S] and [S(pS)D] were each identified once in, respectively, the triply and doubly phosphorylated peptide. One pT site in a different sequence [RL..QR] was identified in a single observation. One very long peptide (30 amino acids; RA...SK) and eight predicted phosphates contained six assigned pS sites. Only the pS site in [L(pS)G] passed the filters for inclusion in both sets A and B. (B) Plasma membrane Tyr kinase RLCK_5 family member (At1g01540) was identified by a total of 24 p-peptides and two different peptide sequences. All but one peptide passed all filters, and they were thus part of sets A and B. This protein was identified nine times in photosynthetic samples (rosettes or seedlings) in three different articles (Reiland et al., 2009 (Reiland et al., , 2011 X. Wang et al., 2013) and 15 times in nonphotosynthetic samples (cell cultures) in six different studies by four different laboratories (Benschop et al., 2007; Nühse et al., 2004 Nühse et al., , 2007 Sugiyama et al., 2008; Chen et al., 2010; Nakagami et al., 2010) . One p-site (pT) was identified 15 times, either in a singly or doubly phosphorylated peptide; this doubly phosphorylated peptide also identified
Distribution of p-Proteins within the Different Subcellular Compartments
Most proteins are localized to specific subcellular compartments within the cell and many compartments have specific sets of kinases and phosphatases. Therefore, it can be postulated that there are specific or enriched motifs within the p-proteomes of the subcellular compartments. To obtain an overview of the distribution of p-proteins across the cell and to search for such enriched p-motifs for specific compartments, we assigned the p-proteins to seven locations as follows: (1) intraplastid, excluding the plastid outer envelope, (2) mitochondrion, (3) peroxisome, (4) nucleus, (5) cytosol, (6) endoplasmic reticulum, Golgi, plasma membrane, cell wall, and vacuolar were placed in one group under the assignment "secretory set," (7) other, in case of proteins with multiple, conflicting, or unknown subcellular locations. The assignment was based on robust, manually curated (i.e., supervised) localizations in PPDB for 1422 proteins, supplemented by unsupervised consensus localization assignment in SUBA3, based on a combination of available experimental evidence and prediction algorithms. In case of plastid localization, only assignment by PPDB was accepted because we recently extensively evaluated all available experimental evidence to assemble a high-quality plastid proteome (Huang et al., 2013) . Additional plastid localizations in SUBA3 (Tanz et al., 2013) were mostly based on prediction only, and manual inspection did not provide experimental support for plastid assignment; we therefore assigned them to the location "other." Data sets A (4483 proteins) and B (3679 proteins) had essentially the same subcellular distribution, showing that filtering did not bias for protein location ( Figure 5C ). Most p-proteins were assigned to the nucleus (35%), followed by the cytosol (23%) and the secretory system (22 to 23%). Eight percent of the p-proteins had no clear location ("other"), whereas plastids, mitochondria, and peroxisomes had 6 to 7% (294 set A/238 set B), 4% (168 set A/135 set B), and 1% (46 set A/39 set B) of the p-proteins, respectively.
Comparison of Seedling/Rosette Samples to Cell Cultures, Roots, and Pollen
About half of the studies concern green tissue (seedlings/rosette) and the other half mostly cell cultures, as well as root, pollen, and seed. Little or no information was generally available with respect to photosynthetic activity in the cell cultures studies, even if most were grown under light/dark cycles, and even if they may contain some chlorophyll based on the light-green color (and assigned heterotrophic). We compared these two sets (seedling/rosette versus cell cultures/root/pollen/seed) for distribution of proteins and peptides across different functions and subcellular locations. Plastid proteins were 50% overrepresented in the seedling/rosette samples, whereas mitochondrial and secretory proteins were 10% underrepresented. Importantly, seedling/rosette samples showed a 10-fold overrepresentation of p-peptides matching to proteins involved in the light and dark reactions of photosynthesis and regulation of the thylakoid electron transport chain (e.g., state transition kinase STN7; AT1G68830) (bin 1) ( Figure 5D ). Enrichment for photosynthesis was also observed at the p-protein level (3-fold). This showed that the cell cultures were largely nonphotosynthetic and that this meta-analysis can potentially be explored for differences in photosynthetic versus nonphotosynthetic tissue.
Phosphorylation of Protein Kinases and Phosphates
Many protein kinases are themselves regulated by phosphorylation, either through autophosphorylation or by upstream kinases (Bögre et al., 2003; Park et al., 2011; Oh et al., 2012b Oh et al., , 2012c . Because these kinases are central in phosphorylation networks, we evaluated all 8141 identified p-proteins for the presence of a predicted PFAM domain for pKinase or pKinase_Tyr using a threshold of E<0.01 (Supplemental Data Set 3). In total, 532 p-proteins showed significant protein kinase domains (pK, pK_Tyr, or both), representing 6.5% of all identified p-proteins, compared with 3.9% for the complete genome. Classification of these kinases based on Wang et al. (2014) showed that the p-proteome included >100 leucine-rich repeat protein kinase, dozens of cysteine-rich RLKs (receptor-like protein kinases), mitogen-activated protein kinases, calcium-dependent kinases, malectin/receptorlike protein kinases, and many unassigned kinases (Supplemental Data Set 3). On average, about one-third of the members in each kinase family was found as a p-protein in at least one of the filter sets (A, B, or both) ( Figure 6A ). The highest fractions of phosphorylated family members was found for the families of SnRK1 (66%), SnRK2 (70%), and AGC kinases (61%) ( Figure 6B ). Among the p-proteins, 64 (out of 162 in the whole genome) are classified as phosphatases , most of which are in the PP2C family (Supplemental Data Set 3). Others include four BSU1-like (suppressors of leucine-rich repeat receptor-like kinase brassinosteroid insensitive1), Kelch phosphatases, and eight members of the Haloacid dehalogenase-like hydrolases superfamily (Supplemental Data Set 3). Thus, phosphatases were slightly overrepresented in the p-proteome (0.8% compared with 0.6% for the whole genome). The nonredundant peptide sequences with the P-sites in bold and underlined and the number of observations for each P-site is indicated above the respective sequences. P-sites that are not part of sets A and B are marked by a gray circle. P-sites only observed in photosynthetic tissue or nonphotosynthetic samples (mostly cell cultures) are marked in green and red, respectively (see also inserted table). #Pi refers to the total number of phosphates in a peptide predicted from the parent ion mass. (A) ARF GAP-like zinc finger-containing protein ZIGA4 (At1G08680) was identified by a total of 80 p-peptides and five different peptide sequences. Here, we illustrate the information for one of those peptide sequences, identified two times in photosynthetic samples (seedlings and rosettes) (X. and seven times in nonphotosynthetic samples (cell cultures) (Nakagami et al., 2010) . Peptides were identified as double or triple phosphorylated peptides. In total, two pS sites and four pY sites were assigned. The pS sites were observed six or seven times, whereas only of the pY sites was observed five times, but the others only one time each. (B) Zn knuckle-containing, serine/arginine-rich protein Splicing Factor 32 (RSZ32) (At3G53500) was identified with 59 p-peptides across 16 different peptide sequences. Here, we summarize the experimental information for six partially overlapping sequences, mapped by 32 p-peptides. This example that meta-analysis allows assembly of a detailed phosphorylation map across overlapping peptide sequences with the different studies complementing and partially supporting each other. Twenty-one p-peptides were identified in photosynthetic samples (rosettes and leaves) from three published studies, and 11 p-peptides were identified in nonphotosynthetic samples (cell cultures and pollen) in five published studies, as indicated. pS in [A(pS)P] was found in each of the five studies and was in total identified 25 times. pS in [Q(pS)L] (pS marked in green) was only found in the photosynthetic samples in all three studies, whereas pY (marked in red) was only found in a triple phosphorylated peptide together with different pairs of pS. This triple phosphorylated peptide has two missed cleavages around the arginine (marked in italics) and when filtering away this triple phosphorylated peptide, all p-sites except pY remained identified. Note that the 3 pS sites in the triple phosphorylated peptide [DQ...PK] were also identified in single or double phosphorylated peptides, thus providing confidence to these pS site assignments.
[See online article for color version of this figure. ] Biases and Distribution of pS, pT, and pY Phospho-Sites Serine, threonine, and tyrosine are the main amino acid residues that are targeted for phosphorylation in eukaryotes. The relative frequency of phosphorylation of serine, threonine, and tyrosine is typically of 80 to 85%, 10 to 15%, and 0 to 5%, respectively. The different studies in our meta-analysis showed that serine was indeed the most frequently phosphorylated residue (average 84%) followed by threonine at much lower levels (average 14%). However, there were dramatic differences in the frequency of observation of pY (Table 1) , with nearly half of the published studies reporting no tyrosine phosphorylation and others showing a frequency of up to 15% (average 3%). Indeed, nine of the studies did not even search for pY, whereas eight others did search for pY, but found none or a frequency of 0.7% or less (Table 1) . These studies concern different types of samples (plasma membranes, total proteins, soluble proteins, and cytosol), different organ/tissue types (pollen, total seedling, and seed), and cell cultures. Higher pY frequencies were observed for a wide variety of samples, including seedlings, cell cultures, and seeds. Hence, it appears that a high pY frequency is neither related to tissue/sample type nor treatment. Identification of pY can be boosted by including the pY immonium ion (216.043 D) from neutral loss in the MS acquisition setup (Steen et al., 2001) . Only the studies from the Schulze lab included this immonium ion (during multistage acquisition on the LTQ-Orbitrap; see Wu et al., 2013) ; indeed, they report the highest frequency for pY (7 to 15%). The large differences in pY frequency between different studies are therefore unlikely to be related to tissue or sample types, or to treatment, but rather to MS workflow and enrichment bias (Bodenmiller et al., 2007) .
pS, pT, and pY represented 76, 19, and 5%, respectively, of all p-sites in set A and, similarly, 78, 17, and 5% in set B ( Figure 7A ). Using the nonredundant p-15-mers for each protein and their assigned subcellular localization, we calculated the distribution of pS, pT, and pY for sets A and B across the seven subcellular locations. Subcellular distribution for total p-sites based on nonredundant p-15-mers was 40% (nucleus), 22% (secretory system), 21% cytosol), 8% (other), 5% (plastids), 3% (mitochondria), and 1% (peroxisomes), both for sets A and B. This was comparable to the subcellular distribution of p-proteins as shown in Figure 5C . We then determined the relative distribution of pS, pT, and pY across the subcellular locations ( Figure 7B ). Sets A and B showed similar tendencies, with peroxisomes showing low levels of pY (1 to 2%) and mitochondria showing high levels of pY (12 to 19%). Plastids and peroxisomes seemed to be enriched in pT (24 to 27%) compared with the other subcellular locations.
Prediction of p-Site Motifs across Sets A and B
Several algorithms have been developed to uncover linear motifs around protein phosphorylation sites; this includes the most popular motif-x algorithm (http://motif-x.med.harvard.edu/) (Schwartz and Gygi, 2005; Chou and Schwartz, 2011) , but also more recent ones such as MMFPh (Maximal Motif Finder for Phosphoproteomics data sets; http://www.cs.dartmouth.edu/ cbk/mmfph/) (T. . Following benchmarking of MMFPh against motif-x and other algorithms, T. suggested that MMFPh is a better and more complete motif predictor, in particular for large data sets, such as presented here. Because nearly all p-motif searches in plants have been performed with motif-x, we first used motif-x to search for motives across all p-15-mers for pS, pT, and pY for sets A and B. Previously, smaller plant studies used two types of thresholds: a possibility threshold set at P < 10 25 or 10 26 and either an absolute (3 to 20 peptides) or relative occurrence threshold (1 to 5%) (Supplemental Data Set 6). The authors of motif-x suggest a threshold of 10 26 , corresponding to a statistical significance of P = 0.0003 when using p-15-mers (Chou and Schwartz, 2011) . Our meta-analysis is expected to yield a collection of motifs that are the result of multiple kinases, some with a high number of targets and others with far fewer targets. Therefore, we needed to consider different occurrence thresholds, even if lower occurrence thresholds likely result in more false positives. We tested two possibility thresholds (10 26 to 10 27 ) at three relative occurrence thresholds (1, 3, and 5%). Increasing occurrence thresholds resulted in a pronounced decrease of the number of identified motifs, whereas changing the possibility threshold from 10 26 to 10 27 had little effect, suggesting that indeed 10 26 provided sufficient stringency. We therefore further only considered the 10 26 threshold (Supplemental Data Set 7). We identified in total 43 pS, 15 pT, and 2 pY motifs across sets A and B and recorded the fold enrichment for each (Supplemental Data Set 7). For motifs found in both sets A and B, the fold enrichment was typically 10 to 20% higher for the more conservative set B, suggesting that we did remove some falsepositive p-15-mers by the additional filtering, but the impact was relatively small. Nevertheless, ;50% of the pS motifs were found in both sets, whereas 17 and 4 pS motifs were only found in set A and set B, respectively.
Many of the different pS motifs are related to each other, and the motifs can be grouped into motif types/families, such as the SP type, the SD type, or the DS type (Supplemental Data Set 7). Searching for motifs at the higher occurrence thresholds (3 and 5%) favored less specific motifs and only the three-residue motifs SDxE, RpSxS, and PxSP were found at the higher 3% threshold, whereas 15 motifs with three fixed positions and one with four fixed positions (SDDE) were only found at 1% occurrence. Furthermore, pS motifs with at least 5-fold enrichment were of the SD type (SDDE, 27-fold; SDxD, 10-fold; SDxE, 11-fold), the SP type (SPxR, 11-fold; SPR, 10-fold; SPK, 10-fold; RxSP, 10-fold; GxxSP, 8-fold; SPxK, 8-fold; PxSP, 8-fold), LxRxS (6-fold), RSxS (7-fold), and SExE (6-fold). There were just nine pS motifs (with two fixed residues) at 5% occurrence (SxxxD, SxxD, SxxE, SxxS, SxE, SxS, SP, SxS, and RxxS), with SP showing the highest fold enrichment (4.7-fold). We found 15 motifs for pT, 11 of which were only found in set A, and two (TD and TP) of which were in both sets A and B. Thus, the additional filtering of p-15-mers did reduce the number of pT motifs rather strongly; however, most of these motifs were <2-fold enriched compared with background, making them less significant. Four pT motifs had residues in three fixed positions, namely, TDD, RTxS, and PxTP with high fold enrichment (>5-fold) in set A and SPT with 7-fold enrichment only in set B. All other pT motifs had <2-fold enrichment. Most other motifs only found in set A were variants of R/KxxT, and we suspect these are most likely false positive and enriched for the tryptic cleavage site (C-terminal of K/R). In the case of pY, we found two motifs for set A at 1, 3, and 5% occurrence, namely, KY (2.4-fold enriched) and RY (2.3-fold enriched), but none for the more conservative set B.
Using MMFPh at the recommended 10 26 default significance threshold in the recommended "complete" mode, as opposed to the "greedy" mode as in motif-x (T. , we tested minimum thresholds of 1, 5, and 10% occurrence rate, resulting in 208-47-8 pS motifs for set A and 231-, 44-, and 11 pS motifs for set B (Supplemental Data Set 8). In total, 302 nonredundant pS motifs were identified across sets A and B; thus, 7 times more motifs than for motif-x. There was one pS motif with four fixed positions (SDDE), as in motif-x, detected at the 1% occurrence threshold in sets A and B. A total of 252 motifs had three fixed positions, and they were all detected at the 1% occurrence threshold. The remaining 49 pS motifs were detected at the 5% and/or 10% threshold and had just two residues at the fixed position; thus, there was no overlap between the motifs detected at 1% and those detected at the 5 and 10% thresholds. However, similar as for motif-x, a strong overlap was found between the motifs found in set A and set B at each threshold level. Ten pS motifs were found at the 10% occurrence rate, including motif SP (SxxS, SxxE, SxD, SD, SP, SxS, RxxS, SxxxS, SxxxE, and SxE), five of which were also observed at the highest occurrence rate with motif-x. Using the same abundance thresholds (1-5-10%) for pT, we found 13-11-2 pT motifs for set A and 4-4-2 pT motifs for set B, resulting in a total of 19 nonredundant motifs across both sets, compared with 15 motifs with motif-x (Supplemental Data Set 8). Eight PT motifs were only found at the 1% threshold and they all had three residues in fixed positions; all other motifs had just two residues in fixed positions (Supplemental Data Set 8). In the case of pY, we found two motifs (KY and RY) at 1-5-10% occurrence rates in set A, but none in set B (Supplemental Data Set 8), similar as for motif-x.
Finally, we also checked whether p-15-mers from the unfiltered data sets identified additional motifs, perhaps because we removed triple phosphorylated peptides (filter 2). However, this motif search identified only additional motifs strongly (85%) biased to simple motifs with R or K residues. This R/K enrichment most likely results from the fact that the peptides were generated with trypsin, cleaving the C-terminal of R/K. Therefore, we conclude that the filters did increase the signal/noise ratio for true kinase motifs.
Identification of p-Site Motifs within the Different Subcellular Compartments
To determine if specific p-motifs are enriched in different subcellular locations, we applied both motif-x and MMFPh to the seven localization p-15-mers sets for both sets A and B using the same occurrence rates as above. Given that mitochondria and plastids both have a bacterial origin and that more than 100 proteins are dually targeted to both organelles (Carrie and Small, 2013) , we also searched the combined mitochondrial and plastid p-15-mer sets in set B. No pY motifs were detected in the localization sets, whereas no pS or pT motifs were detected in mitochondria or peroxisomes.
In the case of motif-x, 40 pS motifs and six pT motifs were observed (Supplemental Data Set 7). Nineteen pS motifs were only identified in the nuclear sets; two of these motifs were highly specific (SDDD and SDDE) with >30-fold enrichment compared with the background. Overall, 80% of the pS motifs were detected in the nuclear set, in part likely because the nuclear set contained 40% of all p-15-mers. Interestingly, glycine-enriched motifs (GSxR, SG, and SGP) were exclusively detected in the secretory (A) On average, about one-third of the members in each kinase family occurred as a p-protein in at least one of the filter sets (sets A, B, or both). (B) Highest fractions of phosphorylated family members were found for SnRK1 (66%), SnRK2 (70%), and AGC kinases (61%).
proteome. By contrast, several motifs of the SD type (SD, SDxD, and SDxE), as well as the SP motif, were detected in the cytosol, nucleus, secretome, and plastid/mitochondria, whereas yet other pS motifs were found in nuclei and/or the cytosol (Supplemental Data Set 7). Of the six pT motifs, five (KxxxxxT, TxD, ET, TDD, and KT) were only found in the nuclear set, and in particular motif TDD was highly enriched (12-fold). Motif TP was found in the nucleus, cytosol, secretory system, and plastids with fold enrichment between 3 and 4.2, indicating it is the main pT motif in plants.
Using MMFPH to find motifs in the localization sets at 1-5-10% occurrence levels, we identified a total of 285 pS, 4 pT, and no pY motifs (Supplemental Data Set 8). The highest number of pS motifs was again found in the nuclear set (210-39-13 in set A; 168-36-14 in set B). In the cytosolic set, we identified 11-10-4 motifs in set A and 12-11-9 in set B. In the secretory set, we identified 8-6-4 in set A and 7-7-4 in set B. In "other," we identified 2-2-2 in set A and 5-4-4 in set B; here, the more conservative set yielded more motifs. Finally, we identified either SDxE (at 1% occurrence) or SD (at 5 to 10% occurrence) in plastids, similar as for motif-x. Interestingly, when combining the mitochondrial and plastid sets, SDxE, SxDE, and SP motifs were found in both sets A and B and RxxS only in set A. For threonine, we identified motif TxxxE in the nucleus (set A and B) at 1-5-10% and motif TP in both sets A and B at every threshold in the nucleus, cytosol, and secretory sets (Supplemental Data Set 8).
Most Significant p-Motifs across All Data Sets
To systematically compare the results from motif-x and MMFPh and identify the most significantly enriched motifs in the various subcellular locations, we merged the results for both search engines (Supplemental Data Set 9). A total of 364 nonredundant pS motifs were observed, with 47 for both search engines, and 10 and 310 only with motif-x and MMFPh, respectively. We observed 26 nonredundant pT motifs, and the same KY and RY motifs were found with both motif finders at all thresholds in set A, but never in set B. We used hierarchical clustering to group these pS and pT motifs (Supplemental Figures 1A and 1B) .
To identify the most significant motifs, we scored how many times a motif was found in sets A, B, and the subcellular sets by either search engine. In the remainder of Results, we focus on those motifs identified by both engines and/or at least 5 times (out of a possible 80 times). This resulted in 54 pS, 15 pT, and 2 pY motifs, summarized in Table 2 . Figures 8A and 8B show a hierarchical tree of these motifs. We recognize nine pS types (clades), namely, glycine-rich, glutamate-rich, DS with basic residues upstream or acidic residues downstream, pS with acid residues, SP motif, pS with basic residues, and serine-rich pS motifs. We recognized seven pT types (clades), namely, glutamaterich, aspartate-rich, proline-rich (2x), arginine-rich (2x), and lysine-rich pT. The most abundant pS motifs (Table 2) were SP and RxxS, followed by SD and SDxE, each being identified in all subcellular locations. SxxE, SxE, and SxD were identified in nucleus, cytosol, and, except for SxE, also in plastids/mitochondria. For pT, TP was by far the most abundant motif and was identified in the nucleus, cytosol, and proteins in the "secretory set," but not in plastids/mitochondria. As mentioned earlier, glycine-rich pS motifs SG and SGP were exclusively found in the secreted proteome (marked "S" in Table 2 ). Moreover, motifs SDDD specifically found by both search engines in the nucleus, and SGP specifically found by both engines in the secreted proteome, were not identified insets A or B. This shows that division of the total p-proteome based on subcellular location can help recover highly specific motifs.
Relating p-Motifs to Proteins and Function
To relate identified motifs to p-proteins and their functions, we linked the most significant motifs (Table 2 ) back to the p-15-mers and their originating proteins. A significant number of proteins (1695 proteins out of 2752; 62%) showed multiple motifs, which originated most of the time from multiple p-15-mers per protein.
However, 2357 of the motif-bearing p-15-mers (41%) contained more than one motif (Supplemental Data Set 10); most of these motifs were variants of each other. Interestingly, multiple p-15-mers per protein, as well as p-15-mers with multiple motifs were particularly found among proteins with functions in transcriptional regulation (MapMan bin 27.3), RNA processing (MapMan bin 27.1), or DNA synthesis and chromatin structure (MapMan bin 28.1). This explains also the high number of motifs identified for nuclear proteins. For example, transcription factor VIP4 (AT5G61150) has 14 p-15-mers covering a total of 20 p-Sites and the motifs SD, SDxD, SxxD, SDDE, SxD, SDxE, SE, SExE, SxxE, SxDxE, SxE, SxS, SP, SPxR, SPR, RxS, and SS. The 20 p-sites found for this protein were located in two large phosphorylation hot spots at the N-and C-terminals of the protein (Christian et al., 2012) . It is thus possible that the same p-site can be targeted by different kinases/phosphatases, if the p-site is within two different motifs. For example, SP or SxD can potentially serve as targets for a mitogen-activated protein kinase (MAPK) and RLCK, and RxxxS by another kinase, even if it is the same S.
To address possible kinase-substrate recognition motifs, the p-15-mers bearing specific motifs were tested (using Fischer exact test; P values are indicated below) for enrichment of particular kinase substrates (Supplemental Figure 2) . Kinasesubstrate relationships that suggested direct interaction were obtained from the kinase target list in PhosPhAt (Zulawski et al., 2013) . When only considering direct interactions, for the MAPKs (MPK), the SP motif is the most significant result (P = 0.0008), but SD is a second significant motif (P = 0.0044). The wellknown TEY/TDY motif found in MAPKs was not identified as a motif in our analysis, most likely due to low numbers in the data set. The MAPKs themselves were also found to contain peptides with an SP motif. Most of the targets of MAPKs (61%) were of cytoplasmic location. No significant recognition motifs were found for MAPKK (M2K) and MAPKKK (M3K). Among the motifs of the SE, SxE, and SxxE type, we found an overrepresentation of SnRK2 targets (P = 0.0298, P = 0.066, and P = 0.0019, respectively), RS motifs were particularly significant targets of CDKs (P = 0.029), and 78% of the CDK targets were of nuclear location. RLKs showed a significant preference for SP, SD, and SxS motifs (P = 1E-04, P = 0.031, and P = 0.010, respectively). CDPKs showed a high frequency for SxxD, SD, and SDxE motifs in their targets. An overview of kinase recognition motifs is given in Supplemental Figure 2 , in which enrichment P values were converted to probability scores. Probably due to yet limited curated kinase-target information, we could not identify a particular kinase class with preferences for SG, GS, and other motifs. The highest frequency for GS motifs in kinase targets was found for AGC kinases (P = 0.0481); indeed, AGC kinases have a high proportion of plasma membrane proteins in their known targets (41.4%). Among the membrane proteins with a GS or SG motif were NADPH-oxidase RbohD (AT5G47910) and kinases PHOT1 (AT3G45780), CPK9 (AT3G20410), and MAPKKK7 (AT3G13530), which are all known to be regulated by phosphorylation.
DISCUSSION
Benefits of Meta-Analysis of p-Proteomics Studies
Meta-analysis allows the generation of more complete data sets, the recognition of biases or shortcomings of individual studies, the extraction of the most robust data, and the discovery of new patterns and relationships. Because p-proteomes in the individual studies were obtained under many different experimental conditions and from different biological (Arabidopsis) materials (e.g., cell lines versus seedlings) and subcellular fractions, this metaanalysis allows identification of p-proteins and p-sites only present/induced under highly specific conditions, as well as basal phosphorylation patterns. Nonphotosynthetic and photosynthetic materials were quite equally represented, but seeds, roots, and the inflorescence were undersampled compared with leaves and cell cultures.
This meta-analysis advances the plant p-proteomics field in multiple ways by providing (1) the most complete and robust set of p-proteins in Arabidopsis with their most likely subcellular localization and function, (2) aggregate sets of redundant and nonredundant p-sites for Arabidopsis, (3) the most comprehensive and statistically robust p-site motif analysis using two motif finders that employ either a "greedy" mode or a "complete" mode, (4) p-site motifs enriched for specific subcellular localizations, and (5) an enrichment analysis to link kinase families to substrate motifs. This information will aid in the coupling of kinases and their substrates and targeted phosphorylation analysis of specific sets of proteins and provides a strong foundation and reference for analyzing conservation of p-sites across plant species. Detailed p-site data can be viewed in PhosPhAt and the three p-protein data sets (unfiltered and sets A and B) can be extracted with their annotation from PPDB. Importantly, this study also provides insight into the challenges and pitfalls of using large-scale phospho-proteomic data sets to nonexperts, which can help them judge which p-sites are most reliable or most frequent. Here, we will briefly discuss these findings and their implications, integrate this with information from the literature, and provide an outlook for new challenges ahead. and 5B and 5B and 5B Numbers of each motif correspond to the numbers in Supplemental Table 7 with more complete information. 
Filtering of Meta-p-Proteomics Data Removes False Positive p-Peptides and p-Proteins
Starting with the original data from these experimental studies, we significantly reduced the number of p-peptides (by 10 to 40%), p-15-mers (by 47 to 55%), and p-proteins (by 45 to 55%), with the objective of reducing likely false positive information. This improved signal-to-noise ratios is likely to improve the changes to obtain the most biological value and insight, including p-motifs. For a discussion on the challenges of p-site detection and validation in plant p-proteomics studies, see Nakagami et al. (2010) . We rejected p-peptides without specific assigned p-sites for the motif analysis and assignment of p-proteins. Because it is not straightforward to measure falsepositive rates for p-peptides, p-sites, and p-proteins across this aggregate data set, we applied two different stringencies (resulting in sets A and B) and evaluated both in parallel. The different stringencies did not affect subcellular or functional distribution of p-proteins and pS, pT, or pY p-15-mers. Depending on their objectives, users can choose to compare the uncurated or filtered data sets provided in the supplemental information in conjunction with the Web-based resource PhosPhAt.
Over-and Underrepresentation of Phosphorylation in Cellular Functions and Subcellular Localization
Using subcellular localization assignments based on proteomics and GFP/YPG studies, studies on individual genes, and localization prediction, we were able to generate p-proteome data sets for subcellular compartments. Consequently, this increased the number of known p-proteins in plastids/chloroplasts from ;150 proteins (Reiland et al., 2009 (Reiland et al., , 2011 to nearly 300 p-proteins (294 manually annotated to plastids in set A; excluding outer envelope proteins), which is ;18% of all manually annotated plastid proteins in PPDB. This should facilitate renewed plastid phosphorylation network analysis and linkage between (novel) plastid kinases, such as ABC1Ks (Lundquist et al., 2012) and candidate plastid substrates. According to a recent review (Havelund et al., 2013) , 64 mitochondrial proteins (with 103 p-sites) were found to be phosphorylated. This number was increased to 168 proteins (from set A) in this study. This is 50% of the 334 manually annotated mitochondrial proteins (based on experimental data) in PPDB; this high percentage is partially explained by the fact that the mitochondrial annotation for the p-proteome was also based on prediction and weaker identification (from SUBA), but nevertheless demonstrated that phosphorylation is Hierarchical trees of the most significant 54 pS motifs (A) and 16 pT (B) motifs, as listed in Table 2 .
a frequent and likely important PTM also in mitochondria (see Havelund et al., 2013) . The subcellular distribution of total p-sites based on nonredundant p-15-mers was comparable to the subcellular distribution of p-proteins, but with some overrepresentation in nuclei (40% of all nonredundant p-15-mers), indicating a higher average number of p-sites per protein in this location. This is supported by an enrichment of transcription factors, splicing factors, and DNA binding proteins in "phosphorylation hot spot" proteins (Christian et al., 2012) . When weighting against all predicted proteins and their functional annotation, proteins involved in signaling, cellular organization, and development were overrepresented among the phosphorylated proteins, whereas those involved in metabolic functions were generally underrepresented with the exception of glycolysis. Consistent with this overrepresentation, ;6.5% of all p-proteins (8% in set A) were protein kinases, indicating that p-proteins were overrepresented when compared with all predicted kinases (4% of all predicted proteins in the Arabidopsis genome). Furthermore, phosphatases were relatively well represented in the p-proteome (0.8% in the p-proteome compared with 0.6% predicted in Arabidopsis). In absolute terms, most detected p-proteins have no known function or were involved in protein homeostasis or RNA metabolism.
Tyrosine Phosphorylation
Tyrosine phosphorylation is performed by tyrosine kinases, as well as dual-specificity kinases (DSKs) with S/T p-activity but which can also phosphorylate tyrosines. Bioinformatics analysis of the Arabidopsis genome identified 57 candidate DSKs (Rudrabhatla et al., 2006) , three putative tyrosine kinases, and 625 tyrosine kinase-like kinases (Martin et al., 2009) . In plants, tyrosine phosphorylation was initially deemed insignificant, but large-scale phosphoproteomics in Arabidopsis revealed that tyrosine phosphorylation is widespread (Sugiyama et al., 2008; Nakagami et al., 2010 Nakagami et al., , 2012 Ghelis, 2011; Mithoe and Menke, 2011; Oh et al., 2012b Oh et al., , 2012c . Our meta-analysis emphasizes that detection of tyrosine phosphorylation largely depends on proteomics and/or mass spectrometric workflows. In particular for the brassinosteroid signaling pathway, tyrosine (de)phosphorylation has emerged a crucial posttranslational modification and activating pY phosphorylation is well known in MAPKs (Mithoe et al., 2012) and CDPKs (Oh et al., 2012c) . In the pY metadata set, we identified four shaggy-like kinases (SK21, SK32, SK41, and SK42), two of which are known components in brassinosteroid signaling, namely, SK21 (AT4G18710, also named BIN2, UCU1, or DWF12) and SK32 (AT4G00720) (Oh et al., 2012b (Oh et al., , 2012c reviewed in Mithoe and Menke, 2011) . However, several known pY sites for other components in the brassinosteroid pathway were not in the data set analyzed here. Examples are brassinosteroid (BR) receptor kinase BRI1 (BRinsensitive 1; AT4G39400) and BRI-associated kinase (BAK1; AT5G48380) which are both DSKs that autophosphorylate several of their tyrosines (Kim et al., 2009; Oh et al., 2009 Oh et al., , 2012a , whereas BRI1 kinase inhibitor (BKI1) undergoes functionally significant tyrosine phosphorylation (Jaillais et al., 2011) . However, BRI1 and several other brassinosteroid signaling components were found to be phosphorylated at serine or threonine (Supplemental Data Set 2). The metadata identified 1185 proteins with tyrosine phosphorylation (Supplemental Data Set 5B) and provide an important basis for further experimentation and assessment of the biological significance of pY in Arabidopsis and other plants.
Novel p-Motifs, Their Compartmentalization, and Matching to Functions and Pathways
Multiple studies used p-proteome data to predict p-motifs in Arabidopsis (de la Fuente van Bentem et al., 2006; Sugiyama et al., 2008; Reiland et al., 2009; Meyer et al., 2012; and other plant species, such as poplar (Liu et al., 2011) , grape (Melo-Braga et al., 2012) , and citrus fruit (Zeng et al., 2014) . These predictions were all done using motif-x against smaller p-peptide data sets and none involved a meta-analysis. Because the current meta-analysis included all available public data, as well as additional in-house data sets, this meta-pproteome is much larger and covers many organs, subcellular compartments, experimental growth, and measurement conditions. Consequently, the much larger set of p-15-mers allowed us to do a comprehensive pS and pT motif search using a range of abundance and stringent significance thresholds, as well as motif searches within specific subcellular compartments. Moreover, we used both the popular motif-x search engine as well as a novel search engine, MMFPh, previously benchmarked against motif-x (T. . Combining the results for both search engines, we then arrived at a set of the most enriched pS and pT motifs, with specific motifs enriched in the nucleus and the secreted proteome (Table 2, Figure 6 ). The identified motifs include those previously found in smaller studies, as well as many additional motifs. In the case of plastids and mitochondria, we identified a number of enriched pS motifs, in particular SP, RxxS, Sx[D/E], Sxx[D/E], and SDx[D/E], but they are shared with proteins outside of these organelles, likely indicating that these phosphorylations are performed by kinase families located within, as well as outside these organelles. A good example is the casein kinase family (CK1 and CK2) known to have multiple functions and locations in Arabidopsis (Lee, 2009; Türkeri et al., 2012; Mulekar and Huq, 2013) . No motifs were found for the peroxisomal proteome, most likely because there were insufficient p-proteins assigned to this organelle (70 in set A). Proteins collectively assigned to the "secreted proteome" set (i.e., with signal peptides and/or located in microsomes or vacuoles) showed two specific glycine-rich motifs (SG and SGP) not detected in other compartments. These motifs belonged to 15 proteins, most of which were annotated to the plasma membrane with several belonging to CDPK or PP2C families (Supplemental Data Set 10). Even if the nonredundant p-15-mer set contained 582 (set A) or 365 (Set B) unique pY-mers, this was insufficient to detect pY motifs in the subcellular sets and only KY and RY motifs were detected in sets A and B at all occurrence threshold levels (P value <10 26 and 1 to 10% occurrence rate). In a previous study (Sugiyama et al., 2008 ) (included in this meta-analysis), 11 specific pY motifs or nine degenerate pY motifs were reported based on 95 nonredundant pY-mers using motif-x, but no minimal threshold P value was applied or reported. Only one (pYR) of the two motifs (pYK and pYR) that we identified was also observed in this article (2-fold enriched at 15% occurrence rate [14/95] ). Experimental testing to determine the significance of the reported pY motifs is overdue.
The most specific motifs that we detected were SDDD and SDDE; to our knowledge, the kinases recognizing these motifs are not yet known. One of the largest single p-proteomic studies in plants (X. identified several pS motifs (at 1% occurrence level only), several of which overlap with motifs found here. The SP motif was identified as one of the most frequent, and it seems to be targeted by a number of kinases (Supplemental Figure 2) . Motifs SF and RxxSF identified by X. were not apparent in our study. We believe that our meta-analysis shows that removal of likely false positives and data set size reduction according to subcellular location, in combination with robust evaluation of occurrence thresholds, is important to identify biologically significant motifs.
In addition to linear sequence motifs as determined here, the three-dimensional structure around p-sites may serve as kinase recognition signals. Indeed, a small increase in prediction accuracy was achieved when considering also the spatial neighborhood in addition to sequential proximity (Durek et al., 2009 ). However, the gain was relatively small, possibly because p-sites have a demonstrated tendency to preferentially occur in unstructured regions (Iakoucheva et al., 2004) . The assignment of kinase-cognate motif pairings remains thus a major challenge.
Conclusions and Outlook
This meta-analysis of Arabidopsis p-proteomics studies provides a comprehensive repertoire of p-proteins, their p-sites, and p-motifs for pS, pT, and pY. The surprising amount of pY sites provides an important tool to accelerate the significance of pY signaling. This study will aid in the coupling of kinases and their substrates and facilitate targeted phosphorylation analysis of specific sets of proteins. Finally, it provides a strong foundation and reference for analyzing conservation of p-sites across plant species.
METHODS
Data Collection, Extraction, Filtering, and Generation of p-Proteome and p-15-mers Sets Twenty-seven of the most significant Arabidopsis thaliana p-proteomics data sets published in the literature were collected and supplemented with in-house unpublished data sets (Supplemental Data Set 1). These data sets are also uploaded into the PhosPhAt database Durek et al., 2010; Zulawski et al., 2013) . Meta-data were extracted from the original articles, including plant growth and treatment conditions, sample preparation and enrichment information, and MS acquisition with search methods and cutoff filters. P-proteins and their associated p-peptides were filtered for frequency and quality, resulting in set A and the more conservative set B. To identify p-motifs, peptide sequences surrounding each phosphorylated residue (pS, pT, or pY) were extracted, with this p-residue in the central position. Seven residues directly upstream and seven residues directly downstream of each p-site were selected, resulting in p-15-mer sequences. These are referred to as p-15mers.
Prediction of p-Site Motifs Using Motif-x and MMFPh
To predict p-site motifs, search engines motif-x (Chou and Schwartz, 2011) and MMFPh (T. were used to analyze p-15mer sets A and B. Motif-x was used online (http://motif-x.med.harvard.edu/), whereas MMFPh was run locally in the "complete" mode (not "greedy" mode) using the downloaded stand-alone package. Both Motif-x and MMFPh were run at the 10 26 significance threshold, with the following parameters: "pre-aligned," central S, T, or Y, width 15, occurrences 1-3-5% (given as absolute numbers) and in the case of MMFPh also lbound and hbound 0.05 and debug_mode = FALSE. The background databases for motif-x and MMFPh were in both cases all genes in the TAIR10 Arabidopsis database, but using all possible gene models in the case of motif-x (39,677 proteins) and using one representative protein sequence model per gene in case of MMFPh (27, 416 proteins) . MMFPh was run on an in-house server where we could select one gene model for every gene, rather than all gene models. The extra sequences are variants of sequences of the TAIR10 set; in many cases not showing differences at the protein level. We believe that it is slightly better to select only one model for each gene, but comparing both databases for MMFPh showed virtually identical results, as expected.
Hierarchical Clustering of Motifs
Motif comparisons were performed using the stringDist routine from the Biostrings R package (http://www.bioconductor.org/packages/2.14/ bioc/html/Biostrings.html). Blosum62 exchange sores were used. The exchange score for motif positions associated with no specific amino acid residue type ("*" character) to any other type was set to 21. Clustering was set to average linkage.
Annotation for Function and Subcellular Localization
P-proteins were annotated for name, function (MapMan; Thimm et al., 2004) , and, if possible, subcellular localization using information from PPDB (http://ppdb.tc.cornell.edu/) and Huang et al. (2013) , supplemented with localization information from SUBA3 (http://suba.plantenergy.uwa. edu.au/). P-proteins were assigned to seven subcellular locations as follows: (1) intraplastid, excluding the plastid outer envelope, (2) mitochondrion, (3) peroxisome, (4) nucleus, (5) cytosol, (6) endoplasmic reticulum, Golgi, plasma membrane, cell wall, and vacuolar assigned "secretory set," (7) other, in case of proteins with multiple, conflicting, or unknown subcellular locations. In case of plastid localization, only assignment by PPDB and Huang et al. (2013) was used, and additional plastid localizations in SUBA3 were therefore assigned to the location "other." Protein kinase targets were obtained from PhosPhAt kinasetarget search (Zulawski et al., 2013) , and only those kinase-target relationships describing phosphorylation, autophosphorylation, activation, and interaction were considered.
Annotation and Data Display in PPDB and PhosPhat
Detailed phosphorylation information with associated spectral information is available in PhosPhAt (http://phosphat.mpimp-golm.mpg.de/). P-protein data sets (unfiltered, filtered [set A], and conservative filter set B) can also be extracted from PPDB with many associated features through selection of output parameters. The PPDB is hyperlinked at the Arabidopsis gene accession level to the PhosPhAt database and the Arabidopsis proteome aggregator database MASCP Gator (Joshi et al., 2011) at http://gator. masc-proteomics.org/. In PhosPhAt, motifs identified as a result of this work are available within the motif search function and are highlighted in the sequence view.
Accession Numbers
STATE TRANISTION KINASE7 (STN7), AT1G68830; VERNALIZATION INDEPENDENCE4 (VIP4), AT5G61150; SHAGGY-LIKE KINASE21, BIN2, UCU1, or DWF12, AT4G18710; SHAGGY-LIKE KINASE32 (SK32), AT4G00720; BR RECEPTOR KINASE1 (BRI1), AT4G39400; BRII-ASSOCIATED KINASE1 (BAK1), AT5G48380; ARF GAP-LIKE ZINC FINGER-CONTAINING PROTEIN (ZIGA4), At1G08680; Zn-knuckle containing, serine/arginine-rich protein splicing factor 32 (RSZ32), At3G53500; PLASMA MEMBRANE TYR KINASE RLCK_5 FAMILY MEMBER, At1G01540; and NUCLEAR SPLICING FACTOR PRP18, At1G03140.
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